Keloid is a fibrotic disease characterized by abnormal accumulation of extracellular matrix in the dermis. The keloid matrix contains excess collagen and glycosaminoglycans (GAGs), but lacks elastic fiber.
microfibrils is abrogated and that distribution of fibrillin-1 is abnormal in keloid lesions, although these molecules are normally expressed. CS is abundant in keloid lesions, and addition of CS to fibroblast culture caused inhibition of elastin and DANCE deposition due to aberrant fibrillin microfibrils. Thus, CS appears to play an important role in diminished elastic fiber formation in keloids.
Materials and Methods

Tissue specimens
Eighteen patients with keloid (aged 11-75 years) and seven unrelated patients (aged 1-69 years) undergoing surgical treatment were enrolled in this study (Supplementary Table 1 
Histological and immunohistochemical studies
Tissue samples were fixed in 4% paraformaldehyde at 4°C, and paraffin 8 
ATGAGAGCTGCCTACCTCTTC and CTAGCAGCTC
CCACAGCTCCT; GAPDH, TGGTATCGTGGAAGGACTCATGAC and ATGCCAGTGAGCTTCCCGTTCAGC. PCR reactions were conducted for 30 cycles for DANCE, MAGP-1, GAPDH, and 35 cycles for tropoelastin, fibrillin-1, fibulin-1 and EMILIN-1, where one PCR cycle consisted of denaturation at 94°C for 30 sec, annealing at 58°C for 30 sec, and extension at 72°C for 1 min. PCR products were analyzed by agarose gel electrophoresis followed by ethidium bromide staining.
High-performance liquid chromatography (HPLC) assays
Tissues samples were frozen in liquid nitrogen immediately after collection and stored at -80°C until analysis. After freeze-drying, samples were incubated with 2.5% Actinase E (Kaken Pharmaceutical Corp., Ltd., Tokyo, Japan) at 55°C for 24 h. After freeze-thawing, samples were centrifuged at 3,000 rpm for 10 min and supernatant were recovered.
Measurement of CSA/C and CSB was performed according to the method of Shinmei et al. [17] with minor modifications. One aliquot of the supernatant was treated with 250 mU of Chondroitinase ABC (Seikagaku Corp.) and 25 mU of Chondroitinase AC-II (Seikagaku Corp.) in 20 mM Tris-HCl buffer (pH 8). Another aliquot of the supernatant was digested by 250 mU of Chondroitinase AC-II in 20mM sodium acetate buffer (pH 6). In both cases, samples were incubated at 37°C for 2 h and clarified by ultrafiltration with a Nanosep filter (molecular size cut-off of 10,000; PALL Corp., New York, USA). The ultrafiltrate was analyzed with modifications for the determination of each isomer as follows. The di-4S value obtained from the digest of Chondroitinase ACII, which can act on CSA/C but not on CSB, was used to determine the diCS-4S levels, and the level of diDS-4S was calculated by subtraction of the di-4S value obtained from the Chondroitinase ACII digestion from that obtained from the Chondroitinase ABC plus Chondroitinase ACII digestion, which cleaves both CSA/C and CSB. The concentration of KS was determined according to the method of Shinmei et al. [17] and Yamada et al. [18] 
Results
Deposition of elastin and DANCE is strongly reduced and distribution of fibrillin-1 is aberrant in keloid tissues
Keloids are known to lack elastic fibers [7, 8] . However, little is known of the detailed mechanisms mediating these changes. We first examined the distribution of elastin, fibrillin-1 and DANCE in keloid lesions by immunostaining tissue sections. Elastin stained very weakly in keloid lesions relative to normal skin (Fig. 1A) . Reduced deposition of DANCE, a protein required for elastic fiber formation, was also detected in keloid tissues (Fig. 1B) . The fibrillin-1 distribution was abnormal in keloid lesions. Although fibrillin-1 stained as fine fibers in normal skin, this protein distributed in thick and irregular bundles in keloid tissue. In addtion, we confirmed that elastic fibers are absent in keloid lesions by Elastica van Gieson staining (Fig. 1C ). These observations suggest that the lack of elastic fibers in keloid lesions is due to a deficiency in DANCE and elastin depositin in the keloid matrix, and that the abnormal distribution of fibrillin-1 may also contribute to the absence of elastic fibers in keloid lesions.
Gene expression of proteins required for elastic fibers is normal in keloid lesions
To analyze the mechanisms mediating the strongly reduced levels of elastin and DANCE in keloid lesions, we examined mRNA expression of elastin, DANCE, fibrillin-1, fibrillin-2, and other elastic fiber components including fibulin-1 [20] , EMILIN-1 [21] , and MAGP-1 [22] by RT-PCR.
As shown in Fig. 1D , levels of fibrillin-1, fibrillin-2 and MAGP-1 are upregulated in keloids, but mRNA levels of the other components were similar to those expressed in normal skin. The high levels of fibrillin-1, fibrillin-2, and MAGP-1 expression may play a role in the abnormal distribution of fibrillin-1 in keloids (Fig. 1B) . These results suggest that the lack of elastic fibers in keloids is not due to changes in gene expression, but may be due to defective assembly process of the fiber components.
Keloid lesions contain high amounts of GAGs, particularly CS
We reported previously that keloid lesions show metachromasia, indicating an excess accumulation of GAGs including CS and HA [2] .
Among GAG family members, CS is reported to impair elastogenesis in vascular smooth muscle cells in several cardiovascular diseases and in fibroblasts in congenital diseases [15, 23] . To analyze variations in GAGs accumulated in keloid lesions, we first performed Alcian Blue staining after digestions with GAG subtype-specific enzymes. In the absence of enzymatic treatment, keloid lesions were strongly stained by Alcian Blue, whereas normal skin was only weakly stained ( Fig. 2A-a, b) . After digestion by chondroitinase ABC, which selectively reacts with CS, the staining was greatly reduced in keloid samples ( Fig. 2A-c) . After hyaluronidase digestion, the staining in keloid samples also decreased, although the effect was less pronounced compared with the chondroitinase treatment ( Fig. 2A-d) . These data suggest that CS and HA accumulate to abnormally high levels in keloid lesions. To determine the content of GAG family members in keloid lesions, we quantified amounts of CSA/C, CSB, HA, and KS using an HPLC system ( Table 1 ). The major GAGs in normal skin are HA and CSB (Fig. 2B, C) , as reported previously [24] .
Levels of CS, HA and KS were 6.9-fold, 1.7-fold and 3.0-fold higher, respectively, in keloids than in normal skin (Fig. 2B) . CSB was the most abundant GAG in keloid tissues, and levels of CSA/C and CSB were 12.1-fold and 5.1-fold increased in keloids relative to normal skin, respectively (Fig. 2C) . These results indicate that CS is extremely abundant GAG in keloid lesions.
CS inhibits elastic fiber formation by cultured keloid fibroblasts
As CS has been reported to inhibit elastogenesis in several pathological conditions [15, 23] , we hypothesized that loss of elastic fibers in keloids may be caused by excess accumulation of CS. To test this possibility, we examined whether addition of purified CS to cultured keloid fibroblasts affects elastic fiber formation. In the absence of CS addition, keloid fibroblasts developed normal elastic fibers as analyzed by immunostaining of DANCE, fibrillin-1 (Fig. 3A) , and elastin (Fig. 3B) .
These three proteins were deposited in a fine meshwork, and DANCE colocalized with fibrillin-1. In contrast, addition of purified CS to cultured keloid fibroblasts inhibited deposition of these three proteins. Similar effects were observed by using normal skin fibroblasts (data not shown).
In the three subtypes of CS (CSA, CSB and CSC) examined, CSB most strongly blocked the deposition of elastic fiber components (Fig. 3A and   3B ). CSA and CSC exhibited no significant difference in the efficiency to inhibit the deposition of elastic fiber proteins. The inhibitory effect was dose dependent (Supplementary Fig. 1 ). Treatment of keloid fibroblast culture with combination of two CS subtypes increased the inhibition efficiency, and the inhibition was most effective when CSB was included ( Fig. 3A and 3B ). The strongest interference was observed by the presence of the three subtypes. In contrast, HA had no significant effect on the elastic fiber formation (Fig. 3C) , and increase concentration of HA did not affect elastogenesis (Supplementary Fig.2 ). These data indicate that CS can interfere with elastic fiber formation and that CSB is the most effective subtype. The inhibitory effect of CS may be exerted through inhibition of fibrillin-1 activity, as fibrillin-1 is reported to act as scaffolds and to direct the morphogenesis of elastic fibers.
Discussion
In the present study, we found that keloid lesions contain excess amounts of GAGs, particularly CS (6.9-fold higher than normal skin). Moreover, CS impaired normal elastic fiber formation when added to keloid fibroblast cultures. These results strongly suggest that excess amounts of CS may be responsible for the lack of elastic fiber formation in developing keloid lesions. This hypothsesis is consistent with previous observations that CS interfered with elastic fiber formation in congenital diseases, including fetal ductus arterious [23] , Costello disease and Hurler disease [15] , as well as in restenotic lesions after vascular injury [25] . In pathogenic cells in these diseases, CS exists as a side chain of versican, which is over-expressed in the lesions. Versican is a proteoglycan that is present in many types of connective tissues including those in blood vessels [26] . Overexpression of an artificial versican that lacks CS side chains (known as V3) in neointima after vascular injury leads to increased elastic fiber formation in the lesion [27]. These observations further support the hypothesis that CS has an inhibitory role in elastogenesis, although the molecular mechanism mediating this effect is not clear. We previously reported that versican expression was markedly up-regulated in keloid lesions [2] . The presence of excess versican is likely to be the major source of the CS accumulation in keloid lesions. In the present study, we found that CSA/C and CSB were increased 12.1-fold and 5.1-fold in keloids relative to normal skin, respectively. Since versican has CSA/C and CSB side chains, the accumulation of CSA/C and CSB may be due to the over-expression of versican.
Elastic fiber formation is a multi-step process controlled by fibrillin-1, DANCE and other proteins, although the molecular mechanisms are largely unknown. In this process, fibrillin-1 acts as a template on which tropoelastin deposits [10] . Fibrillin-1 is crucial for elastic fiber formation and mutations in the fibrillin-1 gene cause Marfan syndrome, a hereditary connective tissues disease [28] . DANCE is also essential for elastogenesis because DANCE deficient mice show human aging-like phenotypes caused by disorganized elastic fibers [12, 13] . Recombinant DANCE can induce elastic fiber formation, even in serum-free cell culture, suggesting that this protein may be an organizer of elastogenesis [14] . DANCE deposition on microfibrils is considered to promote coaservation and crosslinking of tropoelastin along microfibrils [14] . In the present study, we found that both of fibrillin-1 and DANCE deposition is strongly reduced in keloid lesions and in the extracellular matrix produced by cultured keloid fibroblasts after addition of purified CS. Taken together, these observations suggest that CS interferes with developing intact fibrillin-1 scaffold, resulted in inhibition of DANCE interactions with microfibrils in keloid lesions, finally tropoelastin couldn't deposit on microfibrils (Fig. 3C ). In conclusion, our present results strongly suggest that excessive accumulation of CS mediate the loss of elastic fibers in keloid lesions through inhibition of microfibril template formation. The findings described in the present study contribute to a further understanding of the pathology of keloids and may lead to new therapies. HA μg/ml 0 100 400 800 1200
